This report reviews chemical reactions leading to the formation of ammonia in Hanford wastes. The general features of the chemistry of the organic compounds in the Hanford wastes are briefly outlined. The radiolytic and thermal free radical reactions that are responsible for the initiation and propagation of the oxidative degradation reactions of the nitrogen-containing complexants, trisodium HEDTA and tetrasodium EDTA, are outlined. In addition, the roles played by three different ionic reaction pathways for the oxidation of the same compounds and their degradation products are described as a prelude to the discussion of the formation of ammonia. The reaction pathways postulated for its formation are based on tank observations, laboratory studies with simulated and actual wastes, and the review of the scientific literature. Ammonia derives from the reduction of nitrite ion (most important), from the conversion of organic nitrogen in the complexants and their degradation products, and from radiolytic reactions of nitrous oxide and nitrogen (least important).
Introduction
Ammonia is a pervasive constituent of wastes stored in both single-shell tanks (SSTs) and double-shell tanks (DSTs) at Hanford. Ammonia contributes to the flammability hazard in Hanford waste tanks (LANL 1994) and is also toxic at relatively low concentrations.
soluble of the gases that are formed Pederson 1994,1995) . As such, larger amounts of ammonia can be retained within the wastes than other gaseous products such as hydrogen, nitrogen, and nitrous oxide. Concentrations of ammonia in the liquid phase of these tanks are small, usually less than a few tenths of a weight percent. However, because waste volumes are quite large, this translates into a substantial quantity of ammonia. For example, in Tank A-101,'"' there are about 12,000 moles of ammonia in the nonconvecting layer and 30,000 moles of ammonia in the convecting layer (Shekarriz et al. 1997) .@' Passively ventilated Tank A-101 releases about 8,000 moles of ammonia each year.
formed in Hanford wastes. There are two main pathways by which ammonia is formed: (1) the conversion of nitrogen atoms originally present in complexants such as trisodium hydroxyethylethylenediaminetriacetate (sodium HEDTA) and tetrasodium ethylenediaminetetraacetic acid (sodium EDTA), and (2) the reduction of nitrite ions to ammonia by thermal and radiolytic reactions during the chemical conversions of the organic solvents and complexants. The Hanford Defined Waste (HDW) model (Agnew et al. 1995% 1995b (Agnew et al. 1995% , 1996 (Agnew et al. 1995% ,1997 provides an upper limit on the quantity of ammonia that can be produced via conversion of organic nitrogen for each tank. For example, 560,000 moles of ammonia could eventually be produced in Tank A-101 via pathway (l), a value nearly 20 times greater than the inventory of ammonia reported by Shekarriz et al. (1997) for that tank. Studies with simulants performed at the Georgia Institute of Technology and Argonne National Laboratory imply that much more ammonia is produced by pathway (2) than by pathway (1). Unfortunately, there are no accurate estimates of the amount of ammonia that can be produced by pathway (2).
This report is divided into several sections. General features of the oxidation reactions of the organic complexants including a brief commentary on their identity and reactivity are summarized in Section 2. The five principal organic aging reactions are given in Section 3. The reactions are partitioned into thermal and radiolytic free radical pathways as well as three different ionic reactions: the reactions of aldehydes with hydroxide ions, oxidation reactions of the organic constituents of the waste with nitrite ion driven by the aluminate ion, and the base-catalyzed hydrolysis of amides. Mechanisms considering both organic and inorganic sources for the formation of ammonia are discussed in Section 4. The closely related pathways for the generation A product of thermal and radiolytic reactions in these wastes, ammonia is the most waterThe purpose of this report is to summarize chemical mechanisms by which ammonia is (a) Tanks are officially numbered with the prefix 241-followed by the tank farm designation and actual tank number. In this report the prefix is omitted, as it is in common usage. of nitrous oxide and nitrogen are discussed in Section 5. Oxygen can significantly shift the product distribution away from nitrogenous gases and towards hydrogen. Its role is discussed in Section 6. The principal conclusions are summarized in Section 7. Section 8 contains the cited references.
General Features of Organic Reactions in Hanford Wastes
The original organic components in the Hanford waste tanks were sodium glycolate, citrate, HEDTA, EDTA, normal paraffinic hydrocarbons (NPH) and tributyl phosphate (Webb et al. 1995) . These compounds have undergone aging to more oxidized products over the years that they have been stored (Camaioni et al. 1995 (Camaioni et al. , 1996 Carlson 1997) . Decomposition products that have been identified include sodium ethylenediaminetriacetate (ED3A), sodium nitrilotriacetate (NTA), sodium iminodiacetate (IDA), sodium ethylenediaminediacetate (EDDA), sodium oxalate, and sodium formate (Campbell et al. 1994 (Campbell et al. , 1995 (Campbell et al. , 1996 . The energy content of the aged oxidation products is less than the energy content of the starting materials (Burger 1995) and the eventual product of the oxidative reaction sequence is sodium carbonate. Aging of the organic constituents, therefore, simultaneously reduces the total organic carbon content and the energy available upon reaction of the aged fragments with the inorganic oxidants (Camaioni et al. 1996 .
The thermal and radiolytic oxidation of organic compounds in simulated Hanford wastes have been studied extensively (Ashby et al. 1992 (Ashby et al. , 1993 (Ashby et al. ,1994 Barefield et al. 1995 Barefield et al. , 1996 Bryan et al. 1993; Bryan and Pederson 1994; Camaioni et al. 1995 Camaioni et al. ,1996 Camaioni et al. ,1997 Delegard 1980 Delegard ,1987 Meisel et al. 1991a Meisel et al. , 1991b Meisel et al. , 1992 Meisel et al. , 1993 Meisel et al. , 1997 . The reactivity order for thermal degradation of the complexants, which encompasses all the pathways for the decomposition of the organic constituents in the waste in the absence of radiation, has been given as (Camaioni et al. 1996 ):
Glycolate > HEDTA > citrate >> EDDA > EDTA, glycine, IDA, and NTA Rates of thermal decomposition were shown to be dependent on temperature and on nitrite, hydroxide, and aluminate ion concentrations. An early study by Delegard (1987) reported that HEDTA and glycolate ions degraded thermally producing hydrogen, nitrogen, nitrous oxide, and ammonia gases. Condensed-phase products identified were ED3A and oxalate ions from HEDTA, and oxalate ion from sodium glycolate. Ashby et al. (1994) reported that thermal aging of HEDTA ion produced ethylenediaminediacetate (EDDA), IDA, glycine, and formate ions in addition to ED3A and oxalate ions. Glycolate ion aged to produce sodium formate and oxalate. Citrate ion was shown to decompose thermally producing sodium oxalate, and acetate (Ashby et al. 1994) . The reaction was found to be strongly catalyzed by hydroxide ions. Barefield et al. (1995 Barefield et al. ( , 1996 provided a detailed accounting of the thermal decomposition of trisodium E D T A in simulated waste mixtures for reaction times up to nearly one year.
Additional radiolytic pathways are available for the aging of complexants and solvents in Hanford wastes (Meisel et al. 1991a (Meisel et al. , 1991b (Meisel et al. , 1992 (Meisel et al. , 1993 (Meisel et al. ,1997 Camaioni et al. 1995 Camaioni et al. , 1996 Camaioni et al. , 1997 . Products of water radiolysis include the hydrated electron, hydrogen atom, hydroxide radical, hydrogen dioxide radical, and hydrogen ion (Spinks and Woods 1990) . While the overall concentration of the initial radiolytic species is usually quite small, localized concentrations within a spur may be quite high, exceeding 1 moleAiter. It is the reaction of primary radiolytic species with nitrite and nitrate anions that is responsible for much of the subsequent chemical reactions that occur in Hanford waste tanks Meisel et al. 1997) . The hydrated electron is effectively captured by the nitrate anion, leading to the formation of nitrogen dioxide. Hydrogen radicals are scavenged by relatively high concentrations of nitrite ions to produce nitric oxide. The reactions of the oxides of nitrogen, especially nitric oxide nitrogen dioxide, with the organic constituents in the waste are ultimately responsible for the oxidation and fragmentation of the organic constituents, and, in addition, for the formation of hydrogen, ammonia, nitrous oxide, and molecular nitrogen.
2.1
The relative reactivity of complexants and their principal degradation products towards radiolytic degradation in the absence of oxygen decreases in the order (Camaioni et a1 1997) : W T h s-EDDA = u-EDDbIDbNTA >glycine >glycolate >EDTA >formate >citrate = acetate The HEDTA ion reacts about 25 times more rapidly than the acetate ion, a rather modest difference.
2.2

Pathways to Aged Oxidized Organic Compounds
Organic constituents are oxidized and nitrite ions are reduced by both free radical and ionic pathways. Many different reactions are synergistically coupled to degrade and eventually destroy the organic compounds. The free radical reactions are initiated both radiolytically and thermally. Ionic reactions include the reaction of aldehydes with hydroxide ion, the aluminate ion-catalyzed oxidation reactions of organic molecules by nitrite ion, and hydrolysis reactions such as the basecatalyzed hydrolysis of amides. Selected features of the chemistry of EDTA and E D T A are discussed in this section to describe the general pathways for the degradation of these substances and to provide the technical background for the subsequent discussion of the reactions leading to the formation of ammonia and the other gases.
There are many individual steps in the reaction sequences that eventually convert a complexant such as E D T A or EDTA into formate, oxalate, and carbonate ions. The complexity of the chemistry is shown in the simplified reaction path for EDTA, which omits many intermediates, in Figure 3 .1. The products that are designated in bold face have been detected in tank waste (Campbell et al. 1994 (Campbell et al. ,1995 (Campbell et al. ,1996 . Glycine has been shown to be a reaction product in laboratory work (Ashby et al. 1994; Barefield et al. 1995; Camaioni et al. 1996 Camaioni et al. , 1997 .
The term "hydrolysis" is used in this report to identify the broad array of reactions, including the hydrolyses of organic and inorganic ester; amide hydrolyses; the related conversion reactions of nitrogen-containing orthoesters, ketals, acetals, hemiacetals; the broad family of basecatalyzed elimination reactions at carbon, nitrogen, and oxygen centers; and substitution reactions of saturated and unsaturated carbon that are responsible for the transformation of reaction intermediates into alcohols, aldehydes, ketones, amides, nitriles, and carboxylates.
Radical Reactions. The most important oxidation reactions involving complexants and solvents in Hanford wastes are initiated by atoms and radicals that are formed in radiolytic reactions. The initial products of the radiolysis of water and the inorganic salts abstract either a hydrogen atom or an electron from the organic constituents to initiate chemical transformations. The radiolytic processes have negligible activation energies. Similar reactions are initiated by the radicals that are formed by the decomposition of inorganic constituents of the wastes when they are heated. These reactions have high activation energies and proceed slowly at 50°C, a typical tank waste temperature. There is no evidence that the organic constituents homolytically fragment to initiate radical reactions under the usual conditions of storage.
fragments, and solvents occur in Hanford wastes. The most important reaction of this kind is the hydroxide ion-initiated transformation of an aldehyde into a sodium carboxylate and hydrogen gas (Ashby et al. 1994; Barefield et al. 1995 Barefield et al. , 1996 . Zonic Reactions. The base-catalyzed ionic oxidation reactions of organic complexants, The oxidation of the organic molecules with hydroxyl groups, including citrate, glycolate, and HEDTA anions by nitrite ions promoted by the aluminate ion, has been proposed to account for their decomposition in the absence of radiation (Ashby et al. 1993 (Ashby et al. , 1994 Barefield et al. 1995 Barefield et al. , 1996 Delegard 1980) . The transfer of hydrogen from the organic constituent to the nitrito ligand is greatly facilitated by the coordination of both molecular units to the aluminate ion. [ 1994, 1995, 19961) Hydrolysis reactions are also important in Hanford wastes. The amides and nitriles formed from fragmentation of complexants are hydrolyzed under the conditions of storage (Ashby et al. 1993 (Ashby et al. ,1994 Barefield et al. 1995 Barefield et al. ,1996 Camaioni et al. 1997) . Acetals and the analogous nitrogenous derivatives formed as intiermediates on several reaction pathways are also susceptible to hydrolysis.
The rate of decomposition of (organic waste components is therefore the sum of all available reaction pathways:
Generally, these five reaction channels are independent processes, and all proceed simultaneously. Actual rates depend on the composition of the waste under consideration (concentrations of reagents in the tank, temperature, radiation dose rate, etc.). It has also been demonstrated that free radical reactions initiated by radiolytic reactions proceed at normal storage temperatures, whereas the thermally induced free radical reactions occur much more slowly under such conditions. The base-catalyzed hydrolysis reactions of amides and the reactions of hydroxide ion with aldehydes proceed quite rapidly under the typical conditions of storage. The aluminate ion promoted hydrogen transfer reactions occur somewhat more slowly. Differences in the rates of =action in the different phases constitute a major uncertainty at present.
Initiation and Propagation of Complexant with Radicals
The free radical initiation and propagation reactions for HEDTA and EDTA ion encompass many of reactions that occur in Hanford wastes. The radiolysis of EDTA and HETDA ion in simulants provides ED3A, formate, oxalate, and carbonate ions as well as NTA and IDA ). The initial reaction paths for these conversions are described in this section.
Initiation and Propagation Reactions for Conversion of HEDTA to ED3A
Initiation by Hydrogen Atom Abstraction
Hydrogen atom abstraction and electron transfer reactions initiate the reaction. The abstraction of a hydrogen atom from the reactive position adjacent to the nitrogen atom is highlighted in this example since it offers a relatively direct route from €EDTA to ED3A. The first step is A + FU?(CH,CO;)CH,CH,OH + AH + RN(CH2C0,)CHCH20H The rate constants for the reactions of hydrogen atom, hydroxyl radical and its anion, and nitrogen trioxide are known for many of the molecules present in the Hanford wastes (Buxton et al. 1988 ). However, the rate constants for the reactions of nitric oxide and nitrogen dioxide with these compounds have not been directly measured.
Initiation by Electron Transfer
The electron transfer initiation reactions follow the path:
where R and A have the same meaning, and A-= OH-, NO-, NO,. Few of the rate constants for the relevant electron transfer reactions have not been measured. However, the rate constants for the decomposition of the cation radical of certain structurally related amino acids have been recently reported (Su et al. 1997 The reaction is propagated by the reaction of the radical intermediates with the array of ions and radicals in the reaction medium. Selected reaction sequences for the radical from HEDTA with four different reactive components in the reaction medium are presented. These reactions all could contribute to the eventual formation of ED3A ion, the main initial product of the oxidative fragmentation of HEDTA.
Intermediates from hydrogen atom abstraction obtained in Reaction 3.2 can react with nitric oxide, nitrogen dioxide, hydroxyl r,adicals, as well as with the highly abundant nitrite ion, to form new covalent bonds. The bimolecular radical reactions are presented first:
The reaction between the organic radical and nitrite ion (Leffler 1993 ) is favored by the very high concentration of nitrite.ion in the reaction medium:
Electron transfer to an acceptor, A, provides the same product as Reaction 3.6.
A + RN(CH,CO;)CH(NO;)CH,OH + A-+ RN(CH,CO;)CH(NO,)CH,OH for the group of A molecules mentioned previously.
(3.9)
All of the products in Reactions 3.4 to 3.9 have two electronegative atoms bonded to the carbon atom from which the hydrogen atom was abstracted. As discussed subsequently, the hydrolysis of these compounds will produce ED3A and a reactive aldehyde. The nitrogen atom in the oxidant nitrite ion has been reduced in this reaction sequence providing either hydroxylamine or hyponitrite ion as discussed subsequently in Section 4.
Through Electron Transfer Intermediate Formed in Reaction 3.3
The fate of the electron transfer intermediate is similar and more direct. The original electron transfer product can provide: the same triacetate, ED3A, and a radical (CH,OH) that converts to formaldehyde and formaldehyde, as shown in the following two equations:
The end products of the hydrogen abstraction and electron transfer reactions of HEDTA are similar in the sense that both processes yield ED3A. They differ in one significant way: the electron transfer pathway favors the formation of the formate ion, whereas hydrogen atom abstraction pathway leads to the forniation of both formate and oxalate ions.
3.4
Initiation and Propagation Reactions for the Conversion of EDTA to NTA and IDA
Initiation by Hydrogen Atom Abstraction
The reaction pathway for the conversion of EDTA into the anions of NTA and IDA is initiated by the abstraction of a hydrogen atom from the ethylene group:
where R( = (-O,CCH;), A = NO, NO,, and OH and AH = HNO, HNO,, and HOH.
Initiation by Electron Transfer
The same reagents responsible for the hydrogen atom abstraction could initiate the reaction (3.13)
by electron transfer:
where R( and A have the meaning noted in Reaction 3.12, and A-= NO-, NO,', and OH-.
Propagation Reactions for EDTA to NTA and IDA
Through Free Radical Formed in Reaction 3.12
The propagation reactions for the radical from EDTA are closely related to the reactions described for the reactions of the radical derived from HEDTA. The reactions products in this sequence also have two electronegative atoms bonded to the carbon atom from which the hydrogen atom was removed. As discussed in Sections 3.2 and 3.4, hydrolysis provides an aldehyde fragment and IDA, and the aldehyde fragment is readily oxidized to NTA.
Through the Electron Transfer Intermediate Formed in Reaction 3.13
Propagation reactions for the degradation of EDTA can proceed via the electron transfer R(,NCH,CH,N+(CH,CO;), -+ R(,NCH,CH,N+=CH,( CH,CO;) + CO, intermediate described in Reaction 3.13:
The hydrogen atom and cation radical pathways differ in this instance. The abstraction reaction leads to NTA and IDA. In contrast, the electron transfer pathway leads to ED3A, carbon dioxide, and formaldehyde. tion of inorganic constituents of the: wastes. But the thermally initiated radical reactions are not particularly important for the Hanford waste because such reactions have high activation energies and proceed very slowly at typical tank waste storage temperatures.
Similar reactions may be initiated by radicals that are thermally produced by the decomposi-
Base-Catalyzed Ionic Oxidation Reactions
Hydroxide ion-initiated transformations of aldehydes are an important source of hydrogen in Hanford wastes, additionally yielding sodium carboxylates. associates (1 992, 1993, 1994) have described the importanc:e of this variant of the Cannizzaro reaction U w r y and Richardson 1987; Carey and Sundberg 1990; March 1992) in simulated wastes for the production of hydrogen and sodium formate from formaldehyde:
As outlined in Section 3.1, formaldehyde is believed to be an important product of chelator fragmentation, and it is especially susceptible to the reaction sequence in Reactions 3.22 to 3.24.
Ionic Oxidation Reactions Induced by the Nitrite-Aluminate Complex
The simultaneous coupling of a hydroxyl group of the organic complexant and nitrite ion on an aluminate ion can provide a very convenient pathway for the transfer of a hydrogen from the organic molecule to the nitrite ion. This reaction, which was postulated by Stock (1992) and Barefield and his coworkers (1995, 1996) , finds strong precedent in classical organic reactions including the Oppenhauer oxidation (Lowry and Richardson 1987; Carey and Sundberg 1990; March 1992 ) and the Tischenko reaction (Jencks 1969; March 1992) . These processes proceed through cyclic transition states in which the hydrogen is transferred intramolecularly between two coordinated ligands. This chemistry is shown in Reactions 3.25 and 3.26 where This reaction sequence provides a paithway for the transformation of a hydroxyl group in a complexant or its oxidation products into a carbonyl group. The occurrence of this reaction may be responsible for the rapid disappearmce of glycolate ion from the waste (Barefield et al. 1994 (Barefield et al. , 1995 . The reaction also may be responsible for the oxidation of other intermediate alcohols formed in the initial free radical reactions of HEDTA and EDTA such as the products of Reactions 3.7 and 3.17.
3.6
Hydrolysis Reactions
Many molecules formed as a consequence of radical-radical or radical-anion propagation reactions have two electronegative substituents bonded to a tetrahedral carbon atom and are therefore readily hydrolyzed in the aqueous phase of the waste (Jencks 1969; Lowry and Richardson 1987; Carey and Sundberg 1990; March 1992) . Other molecules are esters of inorganic acids that are also readily destroyed by hydrolysis (Jencks 1969) . Some are nitroso compounds that rapidly rearrange into oximes, substances that are susceptible to hydrolysis (Jencks 1969; Lowry and Richardson 1987; Carey and Sundberg 1990; March 1992) . Others contain activated methylene groups that spontaneously are hydrolyzed. Virtually every product of the reaction sequences outlined in Section 3.1 is eventually converted into a new carbonyl compound of lower energy content than the original complexant by one or more of these reaction pathways.
Inorganic Esters
The products of O-nitration formed by the reactions of nitrogen dioxide with the radicals in Reactions 3.5 and 3.16 are very rapidly hydrolyzed to hydroxy derivatives in basic solution (Jencks 1969; March 1992) .
RN(CH,CO;)CH(ONO)CH,OH + H,O + RN(CH,CO;)CH(OH)CH,OH R(,NCH,CH(ONO)N(CH,CO;),' H,O +R(,NCH,CH(OH)N(CH,CO,)
(3.27) (3.28)
Molecules with Two Electronegative Substituents on One Carbon Atom
The products formed in the reaction just discussed are identical to the products formed through the reactions of the free radical intermediates with hydroxyl radical in Reactions 3.7 and 3.17, respectively. These substance have two electronegative atoms bonded to carbon and can be hydrolyzed, although slowly in alkaline solution, as illustrated in Reactions 3.29 and 3.30:
The products of Reaction 3.30 are ED3A and a hydroxy aldehyde that is readily converted into glycolate or oxalate ion. The products of Reaction 3.3 1 are IDA and another reactive aldehyde that is readily converted into ED3A.
Nitroso Compounds
Organic nitroso compounds are formed in the reactions between the original carbon radicals and nitric oxide in solution as illustrated in Reactions 3.4 and 3.14. The nitroso compounds rearrange to oximes which hydrolyze providing a carbonyl compound often an amide in the case of the compounds in the waste and hydroxylamine (Jencks 1969; Lowry and Richardson 1987; Carey and Sundberg 1990, March 1992) . The conversion of the nitroso compound from Reaction 3.4 into the corresponding amide and hydroxylamine is shown in Reactions 3.31 and 3.32. Inasmuch as nitric oxide is ubiquitous in the wastes, this reaction pathway has long been postulated as an important reaction pathway (Meisel et al. 199la, 1991b (Meisel et al. 199la, , 1992 (Meisel et al. 199la, , 1993 .
RN(CH,CO;)CH(NO)CH,OH + RN(CH,C0;)C(NOH)CH20H RN(CH,CO;)C(NOH)CH
Nitro Compounds
The nitro compounds formed in Reactions 3.6.3.9,3.15 and 3.19 also contain two electronegative atoms bonded to a tletrahedral carbon atom and are therefore susceptible to the same decomposition reactions as the other substances of this class. However, the nitro compounds also contain acidic hydrogen atoms which can be abstracted by the hydroxide ions in the waste (Lowry and Richardson 1987; Carey and Siundberg 1990; March 1992) . These substances therefore have several different channels for their reactions. The chemical reactions with base are certain to be very rapid and probably occur prior to the other possible hydrolysis reactions to produce the anionic intermediate as shown in Reactions 3.33 and 3.34.
RN(CH,CO~)CH(NO,)CR,OH
Recent investigations of the chemistry of nitrogen dioxide and nitric oxide have demonstrated that the salt of nitromethane reacts with nitric oxide and nitrogen dioxide to form even more oxidized products with two nitro groups or one nitro and one nitroso group bonded to the single carbon atom (Reszka et al. 1996) . 'his recent work suggests that the nitro compounds formed in Hanford waste may react similarly because of the high concentrations of the two potentially reactive gases to produce substances with two nitro groups or one nitro group and one nitroso group bonded to the carbon atom. The chemistry is illustrated in Reactions 3.35 and 3.36 for the product of Reaction 3.34. The chemistry of substances produced in these reactions has not specifically been investigated. But it is evident that the products, which are anion radicals, would have a rich chemistry in the aqueous alkaline waste solutions. For example, the decomposition of the anion radical formed in Reaction 3.36 by the loss of nitrite ion would provide a nitroso derivative related to the oxime discussed in the previous section. Simple electron transfer converts the products of Reactions 3.35 and 3.36 into molecules with three electronegative atoms bonded to the same reactive carbon atom. Such compounds should have relatively short lifetimes in the waste and since the reactive carbon atom in these substances is in the oxidation state of a carboxylate. Hydrolysis would eventually produce NTA and IDA, as given in Reaction 3.37: R(,NCH,C(NO,),N(CH,CC),'),+ 30H--+ R(,NCH,CO; + HN(CH,CO;)," 2 NO; + H,O 3.8 The reactions outlined in this section illustrate the general aspects of the chemistry exhibited by the waste molecules and their oxidation products. The inorganic reaction products are discussed in Section 4.
The Reduction Pathway to Gaseous Products
The principal gaseous products of reactions between the complexants and the inorganic constituents in Hanford wastes are hydrogen, nitrous oxide, ammonia, and nitrogen. These substances have been observed in many laboratory studies with simulants and in laboratory studies with actual waste samples (Ashby et al. 1992 (Ashby et al. , 1993 (Ashby et al. , 1994 Barefield et al. 1995 Barefield et al. , 1996 Bryan and Pederson 1993 Camaioni et al. 1997; Delegard 1980; Johnson et al. 1997; King et al. 1997; Meisel et al. 1991a Meisel et al. , 1991b Meisel et al. , 1992 Meisel et al. ,1993 Person 1996) . These same products are found in the dome space of actual waste tanks and in gas samples obtained using the Retained Gas Sampler (Johnson et al. 1997; Shekarriz et al. 1997 ). All but ammonia and nitrous oxide are sparingly soluble in the concentrated, caustic wastes, and escape further reaction.
Below the surface of the waste, in the absence of oxygen (air), the most abundant reaction products are ammonia, nitrous oxide, and nitrogen. The reduction of nitrite ion to these compounds appears to be the dominant reductive reaction pathway, coupled with the oxidation of the organic complexants and their degradation products. From a chemical viewpoint, hydrogen is a relatively minor byproduct of the oxidation-reduction reactions of organic complexants with nitrite ion. This feature has been demonstrated in several ways. Most important, the RGS measurements of several different wastes show that the mole ratio of hydrogen/(nitrogen + nitrous oxide + ammonia) is generally less than one (Shekarriz et al. 1997) . Laboratory work also points to the greater abundance of the nitrogenous gases. Hydroxylamine, one of the important intermediates responsible for gas formation decomposes rapidly to produce nitrogen and ammonia but provides no hydrogen (Barefield et al. 1995 (Barefield et al. , 1996 . The ratio of hydrogen/(nitrogen + nitrous oxide + ammonia) for the decomposition of representative complexants is low (Ashby et al. 1994; Barefield et al. 1995 Barefield et al. ,1996 Camaioni et al. 1997) .
The stiochiometry of the reactions provide insight concerning this feature of the chemistry.
A balanced equation for the conversion of a hydroxyethyl fragment into an amine, carbon dioxide, and hydrogen is given in Reaction 4.1, where R( = -O,CCH,: The oxidation of one hydroxyethyl fragment produces 5 hydrogen, 10/6 ammonia, 10/4 nitrous oxide, or 10/6 nitrogen molecules. Inasmuchas the hydrogen/(nitrogen + nitrous oxide + ammonia) mole ratio is small for the reactions of the waste components, it is evident the chemistry for the oxidation of the complexants is dominated by the conversion of nitrite ion into lower valent 4.1 nitrogen compounds. This finding is in accord with the identification of formaldehyde as the most prominent sources of hydrogen through the reaction pathway discussed in Section 3.2.
Both thermal and radiolytic pathways lead to the formation of ammonia and other nitrogencontaining gases. Although the explicit origins of ammonia have not been defined by experiments with N-15, the majority of the nitrogen in ammonia, nitrous oxide, and nitrogen appears to form from inorganic sources rather than from organic nitrogen in the complexants (Ashby et al. 1993 (Ashby et al. , 1994 Meisel et al. 1993) . Using N-15-labeled nitrite ion, Meisel et al. (1993) obtained about 85% N-15 labeled gases. The observations establish that inorganic nitrogen is by far the most important source of nitrogen and nitrous oxidle. However, it is evident that ammonia is formed from both the complexants and from the inorganic constituents. These two reaction pathways for ammonia formation are discussed in Sections 4.1 and 4.2.
Ammonia from Organic Sources
Hanford tank wastes originallly contained very large quantities of both EDTA and HEDTA (Webb et al. 1995) . Investigations at PNNL (Campbell et al. 1993 (Campbell et al. ,1994 (Campbell et al. ,1995 (Campbell et al. ,1996 have shown that these two nitrogen-containing complexants have been substantially been converted into other nitrogen-containing compounds, including the anions of ED3A, NTA and IDA, or oxalate, formate and carbonate ions during the years of storage. The chemical reaction pathways for the formation of these compounds and other intermediate oxidation products are outlined in Figure 3 .1 for the oxidative decomposition of EDTA, and other representative chemical pathways for the degradation of HEDTA were described in Section 3. These considerations indicate these molecules are systematically oxidized and fragmented until the tertiary nitrogen atom in the original complexant is converted into a primary nitrogen atom in an intermediate such as u-EDTA or glycine. The nitrogen atoms in the substances with primary amino groups can be rather directly converted into ammonia by additional oxidative reactions that produce an amide or a nitrile.
Ammonia from Amides
One pathway for ammonia production form the complexant is through a primary amide. The complex reactions in which the original methylene groups of E D T A and EDTA are converted by oxidation and hydrolysis into carbonyl groups provide a simple method for carbon-nitrogen bond cleavage and the conversion af the original tertiary nitrogen atom into a primary or secondary amide. Base-catalyzed hydrolysis reactions of the several different amides liberate primary and secondary amines. These molecules experience the same reactions and eventually provide ammonia. These processes are illustrated in the following equations for HEDTA and ED3A where again R( = -O,CCH,: R(,NCH,CH,N(CH~ICO;)CH2CH20H (HEDTA) Although glycine can be envisioned as a product of many reactions, it does not accumulate in the waste (Campbell et al. 1995 (Campbell et al. , 1996 . However the compound, which is known to be destroyed about 5 times more rapidly than the formate ion during radiolysis , has been detected in laboratory studies of the long term decomposition of HEDTA in simulated waste (Barefield et al. 1995 (Barefield et al. , 1996 .
for the reaction of ammonia with the carboxylate ion prevents the reconstitution of the amides. This chemistry and the constant evolution of ammonia from the waste drives these reactions forward.
The low concentrations of ammonia in the waste coupled with the high activation energy
Ammonia from Nitriles
There is evidence some oximes or primary amides discussed in the preceding sections are converted into nitriles by dehydration reactions in the alkaline wastes. Barefield et al. (1995 Barefield et al. ( , 1996 found small concentrations of nitriles in long-term studies of decomposition pathways of HEDTA in simulated wastes. Simple aliphatic nitriles with more than four carbon atoms have been detected in the dome space of several Hanford tanks (Huckaby et al. 1995) . Although these substances are apparently derived from normal paraffinic hydrocarbons, their existence in the waste provides an excellent precedent for the formation of other nitriles from the nonvolatile complexants.
The path to ammonia through the nitrile is illustrated by the oxidation and dehydration of u-ED2A in Reaction 4.14 and the subsequent hydrolysis of the nitrile in Reaction 4.15: R(,NCH,CH,NH, + R(,NCH,CONH, -+ R(,NCH2C=N R(,NCH,C=N + OH-+ H,O -+ R(,NCH,CO; + NH, (4.14) (4.15)
The oxidation, dehydration, and hydrolysis reactions of the nitroso compounds, nitriles and the amides are closely related processes. Many of the similar intermediates are involved in the reactions of this family of compounds. Specifically, an aldoxime can be dehydrated to produce the nitrile and the initial product of hydrolysis of the nitrile is the corresponding amide.
oxidation-hydrolysis sequences that eventually provide an intermediate with a primary amino
In summary, ammonia is produced from tertiary amines such as EDTA and HEDTA by 4.3 group. Repetition of the reaction sequence gives a primary amide. Such compounds either hydrolyze directly to produce ammonia or are converted to a nitrile that subsequently hydrolyzes by a similar reaction pathway to form ammonia.
Ammonia from Inorganic Sources
The nitrite anion is the kinetically active oxidant in the Hanford waste tanks, and the nitrogen in ammonia also is formed from nitrite ion. Several lines of evidence indicate that the organic components serve an important role as reducing agents in this chemistry. The reaction sequences that are responsible for the conversion of nitrite ion into reduced nitrogenous gases occur thermally and radiolytically. Both sets of reactions proceed through nitrogen dioxide and nitric oxide. The principal distinction between the thermal and radiolytic reaction pathways is the relatively high activation energy for the thermal reaction. Inasmuch as the reaction pathways are so similar, they will not be discussed separately.
While there is relatively little information available on chemical pathways for the conversion of nitrite ion into the nitrogenous gases in homogeneous solution free of potential inorganic catalysts, the interconversion reactions of nitrogen-containing ligands coordinated to transition metals has received considerable attention (Assefa and Stanbury 1997; MacNeil et al. 1997) . This information provides an additional guide for the discussion of the chemistry that sequentially converts nitrite ion through the mawy available oxidation states eventually leading to ammonia.
The nitrite ion has a particularly large impact on radiation chemistry of Hanford wastes. Certain primary radiolytic products, most notably the hydrated electron and hydrogen radical, react with nitrate and nitrite ions to generate NO, radicals, mainly NO, and NO (Meisel et al. 1991% 1991b (Meisel et al. 1991% , 1992 (Meisel et al. 1991% , 1993 (Meisel et al. 1991% , 1997 Rates of reaction are sufficiently high that essentially all the primary radicals from water radiolysis are converted to NOx radicals.
Ammonia from Inorganiic Sources with No Organic Compounds Present
The formation of ammonia from the reduction of the nitrite ion with no organic compounds present to serve as a reducing agent does not appear to be important. measured gas products from heated and inadiated simulated waste mixtures, and found no detectable concentrations of ammonia had been formed. Small concentrations of nitrogen, nitrous oxide, dinitrogen dioxide, oxygen, imd hydrogen were observed in these tests. Dried simulated waste solids produced gas concentrations at or below the detection limit at temperatures up to 150°C. Moist simulated waste solids generated small amounts of nitrogen dioxide, nitrous oxide, and nitrogen at temperatures above 120°C. Approximately 1 mmole per kg wastes per day of both 4.4 nitrogen dioxide and nitrous oxide were formed at 150°C. Higher yields of these products were obtained when either the dried or moist simulated waste solids were both heated and irradiated at a dose rate 1.7 x 106 R/h. The observations indicate that organic compounds are required for the formation of significant quantities of nitrogen containing gases.
Ammonia may be formed from other inorganic reactions, but these reactions are not expected to be important in Hanford tanks. For example, the Haber process is used on an industrial scale to produce ammonia from the reaction of hydrogen and nitrogen in the presence of a catalyst (Thomas and Thomas 1969; Bottomley and Burns 1979) . The reaction (4.23) is exothermic and is thermodynamically favored by low temperatures and high pressures. However, because of kinetic considerations, industrial ammonia synthesis is performed typically in the temperature range of 400 to 550°C and 100 to lo00 atmospheres total pressure. consist of reduced oxides of iron promoted with metal oxides such as alumina, silica, or zirconia and alkali and alkaline earth metals. The rate-determining step in ammonia synthesis from nitrogen and hydrogen is the dissociative adsorption of nitrogen onto those catalyst surfaces. In the absence of an appropriate catalyst and at temperatures relevant to Hanford Site waste tanks, the expected rate of ammonia formation from the thermally driven reaction of nitrogen and hydrogen is infinitesimally small. lytic processes have been studied extensively (Spinks and Woods 1990; . Ammonia can be produced from the gas-phase reaction of hydrogen and nitrogen in the presence of gamma radiation. Ammonia yields are usually quite low, with G(NH,) ranging from 0.7 to 1.5 moleculesA00 eV (Spinks and Woods 1990) . In comparison, the radiolytic yield for the decomposition of ammonia to nitrogen and hydrogen is -6.3 molecules/l00 eV (Sorokin and Pshezhetskii 1964) . The radiolytic formation of ammonia from nitrogen and hydrogen can be only a very minor source of ammonia compared to solution phase reactions involving the nitrite ion and organic waste components.
Ammonia from Hydroxylamine
The use of catalysts in ammonia synthesis is essential. Industrial catalysts commonly
The synthesis of ammonia from its elements and the decomposition of ammonia by radioHydroxylamine appears to be one of the key intermediate in the generation of gases from Hanford wastes. Once formed, the compound relatively rapidly decomposes in catalyzed and uncatalyzed reactions to form nitrogen, ammonia, and nitrous oxide (Barefield et al. 1996) . Hydrogen is not usually formed in the reactions of hydroxylamine (Barefield et al. 1996) .
There are several ways to form hydroxylamine from the complexant and solvents in the wastes. The most direct and most obvious pathway involves the initial reaction of an organic radical with nitric oxide to form a nitroso compound. The underlying chemistry, which was discussed in Section 3, postulates that nitroso compound are produced as shown in The nitrogen atom (bold) from the iiitric oxide, which originated in nitrite ion, is converted into the reduced nitrogen atom in hydroxylamine. The organic hydrogen atom (bold) in the original complexant eventually appears as a hydroxylic hydrogen atom in hydroxylamine or in water. This oxidation reaction sequence circumvents the conversion of an organic hydrogen atom into molecular hydrogen. As already discussed in Section 3, this oxidation-hydrolysis reaction sequence is one of the available routes for the conversion of HEDTA and EDTA into lower energy products.
Hydroxylamine is not stable: in alkaline solution. When pure hydroxylamine is dissolved in pure water containing 1 M reagent grade sodium hydroxide, the compound is converted into ammonia and nitrogen with small a.mounts of nitrous oxide, but no hydrogen, in 30 hours (Barefield et al. 1996) . Many cations accelerate the decomposition of this hydroxylamine (Van Der
Puy 1985; Van Der Puy and D i m i t 1985).
The stoichiometry for the base-catalyzed decomposition of pure hydroxylamine to ammonia and nitrogen is given in the following equation (Barefield et al. 1996) :
The pathway for the formation of these compounds has been studied at Georgia Institute of Technology. Barefield and his associates (1996) have tentatively proposed that the reactions of hydroxylamine in alkaline solution ]proceed via two rather novel intermediates, nitrene and nitrosyl anion, (NO-), both of which are fonned from hydroxylamine in the presence of hydroxide ion. The initial acid base equilibria are shown in Reactions 4.27 and 4.28, and nitrene formation is shown in Reaction 4.29. The nitrene generated in Reaction 4.28 abstracts a hydride ion from hydroxylamine anion to produce amide anion, which instantly protonates to form ammonia, and HNO, which according to this formulation, reacts with the anion of hydroxylamine to produce an adduct that dehydrates to give nitrogen. This formulation accounts for the two principal products, ammonia and nitrogen. It also accounts for the fact that nitrous oxide is obtained only in the later stages of the reaction. This product is formed as a consequence of the dimerization of nitrosyl anion. In the early stages of the reaction, NO-is scavenged by Reaction 4.32, but as the concentration of the starting material is depleted, Reaction 4.33 becomes competitive and the byproduct, nitrous oxide, is formed. This is one of several branch points in which the product distribution is dictated by the rate constants for competing bimolecular reactions, and the concentration of the reagents. The stoichiometry of the formation of hyponitrite from hydroxylamine in basic solutions has been given as (Nast and Foppl 1948; Barefield et al. 1996) :
HONH
The half-life of N20;-was reported by Ashby et al. (1992) to be 600 hours at 25°C in 1 M NaOH. Since the N, O: -anion decomposes predominantly to yield nitrous oxide, the ratio of nitrogen to nitrous oxide formed from the decomposition of hydroxylamine in alkaline solutions decreased with increased reaction time (Barefield et al. 1996) .
The chemistry in the waste is much more complex because other substance also complete for these reactive intermediates, but the suggestion that nitrene is a reactive intermediate capable of hydride abstraction provides a convenient explanation, in the absence of other plausible alternatives, for the formation of ammonia from hydroxylamine.
Ammonia from Cyanate Anions
Ammonia can be formed via the decomposition of cyanate anion, OC=N-. The cyanate ion can be formed in the wastes by the dehydration of the adduct of nitrosyl anion and formaldehyde:
Cyanate anion decomposes in both acidic and alkaline aqueous solutions to yield ammonia and carbon dioxide (Cotton and Wilkinson 1980) . March (1992) suggests the reaction presumably proceeds through the adduct shown in Reaction 4.38:
Urea is also listedas a decomposition product of the cyanate anion in aqueous solutions (Merck Index 1976) . This compound is readily hydrolyzed in strong base to liberate ammonia.
4.7
Formation of Nitrous Oxide, Nitrogen, and Hydrogen
Reaction sequences that result in the formation of ammonia often also lead to the formation of other nitrogenous products, particularly nitrous oxide and molecular nitrogen. Many examples of cogeneration of ammonia, nitrogen, and nitrous oxide have been described in preceding sections. Reaction sequences that favor the formation of nitrogenous gases circumvent the formation of hydrogen. The presence of oxygen can alter these reaction pathways to favor the formation of hydrogen and suppress the formation of nitrogenous gases. This aspect is discussed in more detail in Section 6.
Nitrosyl anion and its conjugate acid, HNO, appear to be very important initial products of the reduction of nitrite ion. They are formed in a variety of different oxidation reactions of the organic complexants as discussed in Section 3. The nitrosyl anion readily dimerizes to give hyponitrite ion, N20," (Cotton and Wilkinson 1980) . This substance is well known to produce nitrous oxide.
As already shown in Reaction 4.32, Barefield and coworkers (1996) have proposed that nitrosyl anion reacts with the salt of hydroxylamine in alkaline solution to yield molecular nitrogen. The reaction would proceed equally well between nitrosyl anion and hydroxylamine:
Only a few specific alternative have been proposed for nitrogen formation in alkaline solutions. Van Der Puy and Dimmit (1985) have suggested that metal ions oxidize hydroxylamine and produce a radical, H2N0, that dimerizes.
While there is relatively little information available on chemical pathways for the interconversion of nitrogenous gases and related ionic substances (e.g., N O ) in homogeneous solution free of potential inorganic catalysts, oxidation reduction reactions of nitrogen-containing ligands coordinated to transition metals has received considerable attention. Coordination of various nitrogen oxide fragments to transition metals have been studied extensively (Cotton and Wilkinson 1980) . Compounds with coordinated nitrosyl ligands are in acid-base equilibrium with corresponding compounds with coordinated nitro ligands (Assefa and Stanbury 1997; MacNeil et al. 1997) . The very active field of research has identified many rapid reactions involving organometallic catalysts as illustrated in Reaction 5.9:
Here, "bpy" refers to the ligand bipyridine. Via similar complexes, ammonia has been oxidized to coordinated nitrosyl in aqueous solution (Assefa and Stanbury 1997) . Further, dinitrogen compound formation was observed from reactions of coordinated nitrosyl. Thus, through transition metal coordination complexes, the kinetics of certain nitrogen oxide reactions can be accelerated considerably over rates that could be achieved in homogeneous solution in the absence of these reagents. Van Der Puy and Dimmit (1985) have pointed out that the reactions occur in the absence of complex ligands, and since the HIanford wastes are known to contain iron, chromium, nickel, and traces of many other potentially catalytic transition metals, and low concentrations of certain noble metals, these reaction pathwa:ys may also contribute to the formation of the nitrogenous gases. However, the observed chenlical transformation would occur even in the absence of these catalysts.
Molecular hydrogen can be formed in Hanford wastes via reactions in which hydrogen atoms abstract a second hydrogen atom from an organic complexant or solvent. The hydrogen atoms are formed initially as a primary radiolytic product as well as by beta scission reactions of intermediate radicals. Such radical reactions are initiated by radiolysis at all temperatures. They are also initiated by the decomposition of certain waste components at relatively high temperatures (associated with a high activation energy). However, the yields of hydrogen atoms from the radiolysis of the salt rich Hanford wastes are small, and these reactive substances are also very rapidly scavenged in reactions with the inorganic constituents. Consequently, Meisel and his associates (1997) have concluded that *little hydrogen is formed by this reaction path. Rather, they concur that hydrogen gas is formed iin base-catalyzed ionic reactions as originally proposed by the GIT group (Section 3.2) . Formaldehyde, other aldehydes, and the formate ion, which are obtained from various steps in the decomposition of complexants and solvents, are the most reactive and most important sources of hydrogen. These processes depend on the hydroxide ion concentration and possibly on the aliiminate anion concentration. Thermodynamic arguments have been given to indicate that hydrogen may also be a product of the decomposition of hydroxylamine (Barefield et al. 1996) . However, no detectable amounts of hydrogen were generated from this molecule under carefully controlled conditions.
5.2
Role of Oxygen
Oxygen plays a novel role in the chemistry of Hanford wastes. While there are significant quantitative differences in the results obtained in the different laboratories, recent reports (Barefield et al. 1995 (Barefield et al. , 1996 Person 1996; Camaioni et al. 1996 Camaioni et al. , 1997 Pederson and Bryan 1996) affirm that oxygen can have an important influence on the rate of decomposition of organic complexants and significantly alters the product distribution by increasing the relative rate of formation of hydrogen and sodium oxalate and by decreasing the relative rate of formation of sodium formate and nitrogenous gases. The available data indicate that oxygen has essentially the same influence on thermal and radiolytic reactions. Some results and their consequences are examined in this section.
The potential impact of oxygen on the course of the reactions is highlighted in the Georgia Institute of Technology study (Barefield et al. 1996) of the decomposition of HEDTA at 120°C. As shown in Table 6 .1, two sets of experiments were conducted under argon and contrasted with the results obtained in the presence of oxygen. Measurements at other times and temperatures indicate the same general trends.
plexants. Oxygen also decreases the yields of the three nitrogen-containing gases and reduces the consumption of the nitrite ion. Oxygen increases the rate of hydrogen formation significantly, this example indicates that hydrogen production is increased by a factor of 8. Oxygen decreases the yield of the formate ion but increases the yield of the oxalate ion. As already mentioned, although the quantitative results differ, there is generally good agreement concerning the major features of the role of oxygen in gas generation (Barefield et al. 1995 (Barefield et al. , 1996 Camaioni et al. 1995 Camaioni et al. , 1996 Person 1996) .
These data indicate oxygen slows the thermal and radiolytic conversion of organic com-
The data indicate that the usual radiation-promoted, base-catalyzed disproportionation reactions, in which HEDTA is converted to oxidized substances that remain in the tank and hydrogen-rich gases that escape from the system, are shifted toward more highly oxidized organic products by oxygen, and there is a net decrease in the yields of reduced nitrogenous gases, specifically ammonia, nitrogen, and nitrous oxide. In view of the fact that oxygen in alkaline solution is known to convert alcohols into ketones and carboxylate anions (Lowry and Richardson 1987; Carey and Sundberg 1990; March 1992) , the major change in the reaction pathway is not too surprising. But the finding that the dihydrogen yield increases by almost a factor of 10 (Barefield et al. 1996) may not have been anticipated.
radiolytic and thermal reactions, coriverting them to new materials that possess higher oxidation potentials. For example, nitrosyl anion is converted to ONOO-(peroxynitrite), which rearranges to the nitrate anion (Stem et al. 1996) . The lifetime for conversion of peroxynitrite to nitrite is approximately 1 second in near neutral (physiologic) solution, when dissolved oxygen is present (Fukuto and Ignarro 1997 The greater potential for oxidation is illustrated by the higher relative yield of oxalate ion and the lower relative yield of nitrogen containing gases.
is especially interesting. It is pertinent to note that 8 moles of hydrogen and 15 moles of formate ion are formed in the presence of air (see Table 6 .1). If formate ion comes from the available formaldehyde, then the reaction pathiway that leads to hydrogen in the presence of oxygen is about 50% efficient. Previous studies in less complex solutions have found that formaldehyde, sodium hydroxide, and sodium peroxide prowide hydrogen with 100% efficiency (Abel 1956; Rodd 1965) . It therefore seems reasonable to suggest that the role of oxygen in the alkaline solutions is to provide the same intermediate that is responsible for the formation of hydrogen from formaldehyde. As already discussed, Ashby and his) associates (1993, 1994) proposed that the intermediate in the absence of oxygen was H2C(O-), and that the hydrogen was formed by the reaction of this dianion with water. It is necessary to account for the greater efficiency of this process in the presence of peroxides. The increased efficiency may be understood quite readily on the basis of the increased extent of the formation constants for the tetrahedral intermediates, Reactions 3.22 and 3.23. That is, other factors being equal, the equilibrium concentration of H,C(O-)(OOH) exceeds the equilibrium concentration of H,C(O)(OH). It is well known that the HOO-anion is more nucleophilic than the HO-anion (Jencks 1969; MXch 1992) . Perhaps even more important is the fact that the hydroperoxyl proton is a much stronger acid than hydroxyl proton by approximately 4 orders of magnitude. Consequently, there is a major advantage for the formation of the dianion, H2C(0 )(OO), from which hydrogen is produced by the reaction with water.
The results of the laboratory investigations are in reasonable accord with the investigations of the waste. For example, laboratoiy work has established that the oxygen-forming intermediate atoms and radicals produced during radiolysis are rapidly consumed (Meisel et al. 1991a (Meisel et al. , 1991b (Meisel et al. , 1992 (Meisel et al. , 1993 , and work with the waste has shown that the dioxygen content in the lower portions The increased amount of hydrogen that is formed in the reaction in the presence of oxygen 6.2 of the waste is small (Shekarriz et al. 1996) . It is also known that freshly cored samples of Tank SY-101 waste react with oxygen (Person 1996) . The thermal aging investigations (Barefield et al. 1995 (Barefield et al. , 1996 and radiolytic aging experiments (Camaioni et al. 1995 (Camaioni et al. , 1996 in the presence of air provide sodium carbonate and sodium oxalate as the most abundant products. The observations imply that the chemistry in the plausibly more oxygen-rich upper portions of the waste may differ from the chemistry of the waste in the oxygen-poor lower regions. But the concept has not been verified by analytical investigations of the composition of the waste.
In summary, oxygen can alter the course of thermal and radiolytic reactions. Hydrogen is formed more rapidly, and the organic products of the reactions are more completely oxidized than the products of the conventional reaction providing sodium oxalate rather than sodium formate.
Summary and Conclusions
Ammonia is a common constituent of both SST and DST wastes at Hanford. Although the high electrolyte concentration lowers the solubility of ammonia relative to pure water, the solubility remains sufficiently high to allow large quantities of this product to be retained in the wastes. It has been estimated, for example, that Tank A-101 currently contains approximately 36,000 moles of ammonia distributed throughout 930,000 gallons of waste. Toxic in relatively low concentrations, ammonia also contributes to the flammability hazard.
important route is through the organic waste induced reduction of the nitrite ion. Ammonia is produced after a series of reduction reactions involving several transient intermediates. The second most important route is by the liberation of ammonia from the nitrogen-containing complexants. Initial reactions yield such products as ED3A, NTA, and IDA and do not yield ammonia. However, further oxidation provides amines and eventually primary amides and nitriles capable of hydrolysis to ammonia are formed. Direct reactions of hydrogen with either nitrous oxide or nitrogen are unimportant routes to ammonia in Hanford wastes. Thermal reactions between hydrogen and nitrogen require high temperatures and pressures to proceed; radiolytic yields for these reactions are quite low.
Nitrite ion reduction is important not only for the formation of ammonia but for nitrogen and nitrous oxide formation as well. The nitrite anion is the most kinetically active oxidant in Hanford waste tanks. Radiolytic reactions proceed through the initial formation of nitrogen dioxide and nitric oxide. Nitric oxide reacts to form oximes and these compounds hydrolyze to form hydroxylamine. It is subsequently destroyed to provide ammonia and nitrogen. Other reactions produce the nitrosyl anion that dimerizes to the hyponitrite ion and provides an important pathway to nitrous oxide. Ammonia may be formed from cyanate anions produced via reactions of nitrosyl anion with formaldehyde. The hydrolysis of the cyanate ion eventually results in ammonia and formate ion generation.
Recent evidence suggests that the interconversion of various oxidation states of nitrogen is possible when coordinated to various transition metals. Assefa and Stanbury (1997) , for example, studied the oxidation of ammonia ligands to nitrosyl in coordination complexes with ruthenium. Analogous complexes may be present in Hanford wastes, which contain certain noble metals, iron, chromium, nickel, and other transition metals.
The presence of oxygen alters the chemistry of both thermal and radiolytic reactions by two principal means. Oxygen intercepts radicals produced in thermal and radiolytic reactions that would otherwise eventually result in the formation of nitrogen, nitrous oxide, and/or ammonia. Oxygen may also react directly with complexants and intermediates to yield oxalate and other oxidized products. The result is that hydrogen yields are enhanced and nitrogenous products are suppressed.
There are several pathways by which ammonia is produced in Hanford wastes. The most 7.1
